In recent years, integration and miniaturization of ion-selective electrodes (ISEs) have brought many benefits resulting in the possibility of simultaneous determination of the ions concentration in small volume samples. One of the key problems related to the preparation of potentiometric integrated sensors systems (PISSs) is a calibration procedure due to the necessity to calibrate each particular sensor separately. The main aim of the research was to develop a novel calibration method for PISSs fabricated with the use of an all-solid-state technology, which has been compared with other types of sensor calibration technique. The proposed algorithm concerns the method of calibration solutions composition determination for miniature ion-selective sensors before measuring in biological samples especially human saliva samples. This article also compares the parameters of ionselective sensors for two types of PISSs, including ISEs based on gold (Au) and glassy carbon (GC) electrodes. In addition, a series of measurements was performed using PISS with Au-ISEs in samples of human saliva, which were preceded by different types of sensor calibration and compared with the results obtained with the clinical analyzer. Moreover, the effect of the viscosity of calibration solutions on the ISE parameters and the lifetime of the sensors were investigated.
Introduction
Ion-selective electrodes have been invariably very popular for many years as a convenient and useful tool for determination of ions concentration [1] . The use of new materials and techniques for the production of ISE has created new opportunities in the construction and integration of these sensors. An example of this type of tools is the miniature sensors platforms, fabricated in the all-solid-state technology [2] [3] [4] [5] [6] [7] [8] , equipped with a miniature reference electrode without internal liquid electrolyte. The small size of potentiometric sensors, use of readily available and inexpensive materials allow for selective analysis in a small sample volume [9, 10] . One of the major problems related to the recent use of the potentiometric integrated sensors systems (PISSs) is calibration [11] . This problem is associated to the presence of several sensors selective to different ions, (e.g., Na + , K + , Cl -) [12] . The main problem related to sensors' integration is establishing a procedure for simultaneous calibration of the sensors that ensure multiple measurements of analytes. Correct calibration is particularly important in clinical measurements, where the ions concentration's measurement ranges are narrow then, a small error may affect the correct assessment of the patient's health condition [13] . The challenge in the calibration of ion-selective sensors is to consider the influence of interfering substances that can generate errors during the measurements [14] . Over the years, ISE's calibration methods have evolved from the simplest calibration techniques, using simple solutions that contained only the measured ion [15] , through continuous and injection calibration [16, 17] , to methods using mathematical models to design calibration solutions [18] .
In order to minimize analytical errors, various procedures are used to prevent them. In the case of Pb 2+ selective sensors made in solid state technology, multiple calibrations to determine the optimal measurement time were used [19] . This calibration technique was particularly advantageous when the concentration of the main ion was approximately equal to the concentration of the interfering ion. Another important aspect regarding the calibration of ion-selective sensors is the measurement environment. The presence of proteins and variable pH of the sample may negatively affect the ISE response [20] . An example of leveling the effect of the protein presence in a sample is the use of physical adsorption of protein to the membrane, which positively affected the Pb-ISE measurement range by using the synergistic effect of lead ion complexation by BSA [21] . The ellipsometry studies have also confirmed that the biofouling phenomena depend on the composition of the ion-selective membrane and the type of ion-electron transducer used in favor of PEDOT:PSS [21] . The potentiometric response of ISE is proportional to the logarithm of the ions' activity contained in the aqueous solution according to the Nernst (1) and Nikolsky-Eissenman (2) equations:
where: E-electrode potential;
; z i and z j -the charges of the primary and interfering ions, respectively; a i -activity of the primary ion; S-sensitivity [mV/dec]; a j -activity of the interfering ion; K ij pot -selectivity coefficient; L-limit of detection [mol dm -3 ]. According to the extended Debye-Hückel equation (3) , in aqueous solutions with ionic strength above 0.1 mol dm -3 [22] , the activity value cannot be directly approximated to the concentration value (c). This is particularly important due to description of the ISEs work model.
where, γ ± -average ion activity coefficient; z i+ , z i--charges of primary cation and anion, respectively; A, B-constant depending on the temperature and dielectric constant of the solvent; å-effective diameter of the hydrated ion; I-ionic strength.
In the case of multicomponent solutions, an important element in their design is controlling the ionic strength (I), which describes the strength of ionic interactions (4) in the solution.
When designing calibration solutions dedicated to determining the concentration of selected ions in the sample, the abovementioned relationships should be taken into account, as well as: the required selectivity coefficient, K ij pot (req) , (5), where P ij is a value describing the permissible relative error in the measurement of the main ion activity with respect to the interfering ion.
The required selectivity coefficients calculated on the basis of Eq. (5) can be compared with determined selectivity coefficients with simultaneous ionic strength control. The presented algorithm allows one to select the composition of calibration solutions in such a way that│log (K ij pot )│ ≥ │log (K ij(req) pot )│and I calculated ≈ I sample . The direct influence of ionic strength is manifested, among others, in the change of ion activity coefficients. The main problem in the design of calibration solutions is to maintain a constant value of ionic strength adequate for the sample and the calibration solutions [23] .
One of the parameters describing rheological properties of body fluids is dynamic viscosity [24] . At 37°C, human blood has a dynamic viscosity of 3.5 mPa·s, and for saliva, this value is much more varied and ranges from 1.3 to 2.5 mPa·s [25] [26] [27] . For comparison, the viscosity of water at this temperature is 0.7 mPa·s. Since the high viscosity of body fluids might be a factor affecting potentiometric sensors response, for example through hindered ions migration and difficult washing of the membrane, then this problem becomes part of this research.
The aim of our research was to compare different methods of PISSs ion-selective sensors' calibration in order to measure precision. In our research, calibration solutions with varying complexity of their composition were utilized. The obtained results suggest that maintaining a small difference in ionic strength between the sample and the calibration solutions positively affects the precision of determination of analytes concentration.
Experimental

Chemicals
To perform the different ion-selective membranes, the following ionophores were used: p-tert-butylcalix [4] arenetetraacetic acid tetraethyl ester (sodium ionophore X), valinomycin (potassium ionophore I), N,N-dicyclohexyl-N ′,N′-dioctyldecyl-3-oxapentane-diamide (calcium ionophore I V ) , N , N ″ -o c t a m e t h y l e n e -b i s ( N ′ -h e p t y l -N ′ -methylmalonamide) (magnesium ionophore III), tridodecylamine (hydrogen ionophore I) all purchased from Sigma Aldrich, and tetrakis-(4-triphenylphosphoniumbutoxy)-p-tert-butylcalix [4] arene tetrathiocyanate (thiocyanate ionophore) obtained by synthesis [28, 29] . The exact percentage of membrane's composition is given in 
Equipments
The integrated sensors systems GC-PISS and Au-PISS were fabricated with the use of materials such as glassy carbon (GC) and gold, respectively ( Fig. 1 ). The GC-PISS was equipped with Na Table 1 ). The GC-PISS was used to determine the concentration of analytes in human sweat, while Au-PISSs-in human saliva samples [3, 12, 30] . The surfaces of cation-selective electrodes were covered with PEDOT-a conductive polymer deposited during electrochemical synthesis [31] . The reference electrode was prepared by the KCl dispersion in the vinyl acetate. RE was fabricated with the use of silver wire electrochemically covered with AgCl.
Next, the wire was placed in a potassium chloride and polyvinyl alcohol mixture and then underwent photocuring reaction using a 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photoinitiator. The detailed procedure has been presented by Urbanowicz et al. in [3, 12] . In measurements, the Precision Electrochemistry EMF 16 Interface Lawson Labs Inc. connected to a computer with EMF Suite 2.0 software was used.
Calibration method
The measurements in samples of human body fluids require taking into account its ionic strength. Therefore, a novel calibration procedure involving abovementioned parameter was developed. Initially, the PISSs were calibrated with the use of solutions consisting of equal concentrations of determined ions (Fig. 2) . On the basis of the determined mean sample's ionic strength, the ionic compositions of the calibration solutions for ion-selective sensors were determined.
The ISEs as a part of the PISS were calibrated using three procedures: (1) classical calibration with solutions consisting of only chloride salt of determined ion; (2) multianalyte calibration, with the use of solutions containing salts: NaCl, KCl, CaCl 2 , MgCl 2 , and KSCN at the concentration of 0.1 mol dm -3 that were diluted in the concentration range of 10
; (3) multianalyte calibration using designed calibration solutions with constant ionic strength.
A comparison of the abovementioned methods of calibration in relation to the real sample of body fluid, which was human saliva, basing on the literature on the ionic composition of human saliva, the calibration solutions for (3) method was modelled [32] . The model was developed using the Debye-Hückel's equation and Visual Minteq ver. 3.1 software.
The algorithm that was used to mathematically model the composition of calibration solutions for multianalyte calibration techniques is shown in Fig. 3 . The input data needed to run the algorithm include the average ionic sample composition consisting of n types of main and N types of interfering ions. In the first stage, j-th interfering ion and i-th ISE are selected. The next step is to calculate the required selectivity coefficient Eq. (5) and experimental determination of this parameter for the used ISE. Knowledge of the K ij pot (req) and K ij pot parameters allows for their comparison and a decision to check the condition for another ISE or use it for testing. After selecting n ISEs, the second part of the algorithm includes determining the mean ionic strength of the sample I sample Eq. (4) and the approximate composition of the calibration solution not in conflict with the selectivity coefficient. Based on the estimated composition of the calibration solution ionic strength I calibration Eq. (4) is calculated for comparison with the I sample value. In case when both values are convergent, the theoretical composition of the calibration solution dedicated to the sample was obtained. If both values do not coincide, the estimation of the calibration solution composition should be repeated. In our research, the modeled mean ionic strength of the saliva sample was I = 0.0298 mol dm -3 , and referring to this value, a fit of two calibration solutions composition (calibration solutions 1 and 2, respectively) was performed taking into account the maintenance of the constant ionic strength and the required concentration range during the calibration. The compositions of both solutions were selected in the following way: (a) calibration solution 1 consisted of: 10 mmol dm -3 Na . In particular, the use of lithium and acetate salts allowed to maintain the constant ionic strength of calibration solutions and required concentration ranges for the determination of ions concentration in human saliva. To maintain a constant ionic strength of calibration solutions, the Li + ions have been used due to their low interference in the measurements with primary ions: Na + , K + , Ca 2+ , and Mg 2+ present in human body fluids.
Influence of dynamic viscosity on potentiometric response of ISEs
Due to the fact that samples in the clinical analysis originated from body fluids, an experiment was planned to verify the effect of dynamic viscosity on the metrological parameters of ISEs. In the research, the dynamic viscosity characteristic for whole blood was established as the critical due to its highest value among the dynamic viscosity of body fluids including saliva.
In order to check the effect of solution viscosity on the ISE response, a calibration solution containing 39% of glycerol of viscosity close to the full blood viscosity were prepared.
ISE lifetime
The so-called ISE lifetime is a parameter that describes the ability of the electrode to preserve its measuring properties over time. The medical standard referring to the time of ISE use in professional medical analyzers is 3 months of trouble-free work. After this period, regardless of the repeatability of their work, ISEs are exchanged for new sensors. This procedure is related to the statistical standardization of the device in terms of the optimal ISE lifetime which may vary depending on the applied electrode technology and the composition of the ion selective membrane. In order to examine individual parameters of the sensors, a series of solid contact ISEs with the use of glassy carbon (GC) were constructed.
After covering GC with the conductive PEDOT polymer (excluding ISE sensitive to anions), a previously prepared solution of ion selective membrane was applied to the surfaces of the electrodes. After ISE conditioning and rinsing with deionised water, a series of tests were carried out to determine the basic parameters such as EMF characteristics of electrodes, linear range, limit of detection, and sensitivity and selectivity coefficient (determined by SSM and FIM). The whole experiment was carried out: daily during the first 5 days of testing, every week until the end of first month of testing, and finally once a month since the beginning of the second month until the ISE lifetime-each time determining the abovementioned ISE parameters. After each series of tests carried out the ISE were vigorously rinsed with deionised water and stored for the next test in a conditioning solution.
Results
Evaluation of calibration methods
On the basis of the performed ISEs calibrations, it was shown that all sensors exhibited Nernst's response (Table 2 , Fig. 2) , regardless of the calibration method being used. In order to compare the effectiveness of the calibration, samples of human saliva were collected and centrifuged. Samples were used to determine the concentration of selected analytes. Each measurement was preceded by calibration with the use of particular calibration methods, starting from the classical one and finishing on the method utilizing solutions of constant ionic strength. Table 3 shows the comparison of the results obtained with the use of Au-PISS and the reference methods such as flame photometry, UV-Vis spectrophotometry, and direct potentiometry (Radiometer ABL flex 800-clinical analyzer), wherein the measurements were performed separately for each individual analyte. In further considerations, the results obtained with the use of Au-PISS, which were calibrated with particular calibration methods, were referred to the reference value obtained by reference method and expressed as a percentage.
In order to compare the differences resulting from the utilization of various calibration methods, selected ions in human saliva were determined. Each measurement was preceded by means of different calibration procedures: (1) classical with a solution containing only the measured ion (calibration 2, blue bar); (2) multianalyte calibration in a wide concentration range (calibration 3, green bar); Referring the results to the reference values for the concentration of individual ions, the largest relative error was observed for the measurements of divalent cations (Ca 2+ and Mg 2+ ) and anions (Cl -and SCN -) − 106-122%. The lowest errors were noted for measurements of monovalent cations: Na + and K + . The comparison of the different calibration methods showed that the utilization of narrow concentration ranges together with the constant ionic strength of the calibration solutions brought a positive effect in reducing the relative measurement error for electrodes selective on: Na + 8-10%, K + 4-8%, Ca 
ISEs parameters versus high viscosity
The studies were performed using electrodes based on glassy carbon covered by PEDOT with membranes selective for Na + , K + , and Ca 2+ ions, which were prepared in accordance with the protocol presented in the material and methods chapter. The calibration solutions were 39% aqueous solutions of glycerol, containing adequate concentrations of chloride sodium, potassium, and calcium salts. The results of the measurements were used to determine the selectivity coefficients using the separate solution method (SSM).
The slope of the calibration curves ( Fig. 5 and Table 4 ) was consistent with the Nernst model. In contrast, the linear range of electrode work was narrower, which may suggest the effect of the viscosity of the solution on the potentiometric ISE response. The selectivity coefficients (Table 5) were comparable to those obtained for aqueous solutions. The probable reason for decreasing of sensors linear range was the difficult transport of ions at the solution-membrane interface, which resulted from the increased viscosity of the medium. In addition, glycerol may adversely affect the leaching and conditioning of the ion-selective membrane but will not affect the Fig. 5 Calibration curves for Na + , K + , and Ca 2+ selective electrodes determined using 39% glycerol solutions. Parameters of the electrodes in Table 4 selectivity of the used sensors. The aqueous glycerol solution does not significantly affect the structure of the ion-selective membrane, but it influences the ion-ion interaction in the solution itself, which has an indirect effect o n t h e I S E r e s p o n s e [ 3 3 ] . C o n s i d e r i n g t h e abovementioned observations, and the fact that the changes of sensors sensitivity were small, and although the measuring range was narrowed; nevertheless it did not constitute a barrier to their applications in body fluids analysis. Therefore it was decided that the calibration of the sensors will be carried out in aqueous solutions.
ISE lifetime
Mechanical damage, the membrane defects, the type of plasticizer, and ionophore have a significant influence on the ionselective sensors lifetime. Theoretical models and calculations based on lipophilicity show that the ion-selective electrodes , and Cl -ISEs characteristics in time. Data on the sensitivity and E 0 potential are presented in Table 6 lifetime should be at least 1 month [15] . The tests were carried out using single electrodes made of glassy carbon, which were prepared in accordance with the protocol presented in the material and methods chapter. The aim of this part of the research was to verify the ISE lifetime. Figure 6 shows results of long-term ISE measurements. In the case of a sodium ion-sensitive electrode, a progressive decrease in the linear range is visible. In the first week of the study, the limit of detection was at the level of log(a) = − 7, then decreased to values of − 6 and − 5.
The electrodes sensitive to potassium ions were the sensors with the highest stability. Throughout the experiment, the limit of detection was stable at log(a) = − 5. For ISE sensitive to Na + and K + ions, the lifetime was estimated to be about 7 months. ISEs selective for divalent cations have different durability. In the case of ISE selective to calcium ions, the time of correct and repeatable work was the same as for Na + and K + ISEs, while the electrode sensitive to magnesium ions functioned for about 3 months. There are significant deviations in the EMF characteristics of these electrodes, which occurred, for example, in the fifth month of the study. The shortest life time had the ISE selective for chloride ions. After 2 months, its parameters deteriorated to a degree that precluded further measurements. A possible reason was mechanical failure of the membrane (the membrane was detached from the electrodes' surface). Changes in the mean sensitivity (S mean ) of the ISE during the long-term test are presented in the Table 6 . The biggest changes can be observed for ISE selective to divalent ions. The most stable was the electrode based on valinomycin. The potential E 0 stability was the highest for potassium-selective sensor, while the lowest for the Mg-ISE. The probable reason for the large drift of E 0 potential was the use of chloroparaffin as a plasticizer in the magnesiumselective membrane. Membranes composed of chloroparaffin are characterized by lower elasticity and ease of detachment of electrode surface, which can have a direct influence on ISEs durability and stability.
In terms of electrode functionality, the most important parameter is their selectivity to interfering ions. Table 7 presents the selectivity coefficients obtained by the SSM and FIM method determined during the whole experiment.
The calculated values of log (K ij pot ) were described in another article [3, 12] and corresponded to IUPAC standard values [34] . The calculated standard deviation for the selectivity coefficients was small, which indicates that the sensors were according to reproducible procedure.
Conclusions
The obtained results indicated that the applied calibration procedure influence the difference between the expected and the measured value of the selected analytes. The most effective calibration method was based on solutions of the constant ionic strength. The developed calibration solutions were utilized to calibrate ion-selective sensors, which were subsequently used to determine the concentration of selected ions in the human saliva. The implementation of the method, including the use of multianalyte calibration solutions that maintain constant ionic strength, allowed to (1) minimize the measurement relative error; (2) reduce consumption of calibration solutions, necessary for the calibration of each particular sensor; and (3) simultaneously calibrate the sensors sensitive to different analytes. One of the main benefits of the proposed calibration method is the possibility of using this technique for simultaneous calibration of integrated ion-selective sensors that are sensitive to various analytes. Moreover, tests have been carried out to check the effect of the viscosity of the test solution on the ISE linear range, which showed that the increased viscosity limits the scope of ion-selective sensors but does not affect their selectivity. In addition, the lifetime of ISE made from glassy carbon has been tested. The most durable and stabile ISE was a sensor with the potassium ions selective membrane, which worked throughout the duration of the experiment without changes in metrological parameters. The research suggests that an important element in the design of ion-selective electrodes is knowledge about the tested samples. Thanks to the knowledge of the sample composition, it is possible to propose dedicated calibration solutions. Consideration of rheological properties of the sample such as viscosity may be crucial when the analytes being measured is at a low concentration level, which does not include the linear range of the sensor response.
